Background {#Sec1}
==========

Buruli ulcer is caused by pathogenic bacterium where infection often leads to extensive destruction of skin and soft tissue through the formation of large ulcers usually on the legs or arms \[[@CR28]\]. It is a devastating disease caused by *Mycobacterium ulcerans*. The ulcer is fast becoming a debilitating affliction in many countries \[[@CR3]\]. It is named after a region called Buruli, near the Nile River in Uganda, where in 1961 the first large number of cases was reported. In Africa, close to 30,000 cases were reported between 2005 and 2010 \[[@CR29]\]. Cote d'Ivoire, with the highest incidence, reported 2533 cases in 2010 \[[@CR27]\]. This disease has dramatically emerged in several west African countries, such as Ghana, Cote d'Ivoire, Benin, and Togo in recent years \[[@CR26]\].

The transmission mode of the ulcer is not well understood, however residence near an aquatic environment has been identified as a risk factor for the ulcer in Africa \[[@CR6], [@CR16], [@CR25]\]. Transmission is thus likely to occur through contact with the environment \[[@CR20]\]. Recent studies in West Africa have implicated aquatic bugs as transmission vectors for the ulcer \[[@CR18], [@CR24]\]. An attractive hypothesis for a possible mode of transmission to humans was proposed by Portaels et al. \[[@CR22]\]: water-filtering hosts (fish, mollusks) concentrate the *Mycobacterium ulcerans* bacteria present in water or mud and discharge them again to this environment, where they are then ingested by aquatic predators such as beetles and water bugs. These insects, in turn, may transmit the disease to humans by biting \[[@CR18]\]. Person to person transmission is less likely. Aquatic bugs are insects found throughout temperate and tropical environments with abundant freshwater. They prey, according to their size, on mollusks, snails, young fishes, and the adults and larvae of other insects that they capture with their raptorial front legs and bite with their rostrum. These insects can inflict painful bites on humans as well. In Ghana, where Buruli ulcer is endemic, the water bugs are present in swamps and rivers, where human activities such as farming, fishing, and bathing take place \[[@CR18]\].

Research on Buruli ulcer has focused mainly on the socio-cultural aspects of the disease. The research recommends the need for Information, Education and Communication (IEC) intervention strategies, to encourage early case detection and treatment with the assumption that once people gain knowledge they will take the appropriate action to access treatment early \[[@CR2]\]. IEC is defined as an approach which attempts to change or reinforce a set of behaviours to a targeted group regarding a problem. The IEC strategy is preventive in that it has a potential of enhancing control of the ulcer \[[@CR5]\]. It is also important to note that Buruli ulcer is treatable with antibiotics. A combination of rifampin and streptomycin administered daily for 8 weeks has the potential to eliminate *Mycobacterium ulcerans* bacilli and promote healing without relapse.

Mathematical models have been used to model the transmission of many diseases globally. Many advances in the management of diseases have been born from mathematical modeling \[[@CR11], [@CR12], [@CR14], [@CR15]\]. Mathematical models can evaluate actual or potential control measures in the absence of experiments, see for instance \[[@CR19]\]. To the best of our knowledge very few mathematical models have been formulated to analyse the transmission dynamics of Mycobacterium ulcerans. This could be largely due to the elusive epidemiology of the Buruli ulcer. Aidoo and Osei \[[@CR3]\] proposed a mathematical model of the *SIR*-type in an endeavour to explain the transmission of *Mycobacterium ulcerans* and its dependence on arsenic. In this paper, we propose a model which takes into account the human population, water bugs as vectors and fish as potential reservoirs of *Mycobacterium ulcerans* following the transmission dynamics described in \[[@CR8]\]. In addition we include the preventive control measures in a bid to capture the IEC strategy. Our main aim is to study the dynamics of the Buruli ulcer in the presence of a preventive control strategy, while emphasizing the role of the vector (water bugs) and fish and their interaction with the environment. The model is then validated using data from Ghana. This is crucial in informing policy and suggesting strategies for the control of the disease.

This paper is arranged as follows; in "[Methods](#Sec2){ref-type="sec"}", we formulate and establish the basic properties of the model. We also determine the steady states and analysed their stability. The results of this paper are given in "[Results](#Sec11){ref-type="sec"}". Parameter estimation, sensitivity analysis and the numerical results on the behavior of the model are also presented in this section. The paper is concluded in "[Discussion](#Sec15){ref-type="sec"}".

Methods {#Sec2}
=======

Model formulation {#Sec3}
-----------------
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                \begin{document}$$\begin{aligned} g(N_V)=\mu _VN_V~~\mathrm{and}~~g(N_F)=\mu _FN_F. \end{aligned}$$\end{document}$$It is important to note that other types of functions can be chosen as growth functions. In this work we however assume that the growth functions are linear.There is a proposed hypothesis that environmental mycobacteria in the bottoms of swamps may be mechanically concentrated by small water-filtering organisms such as microphagous fish, snails, mosquito larvae, small crustaceans, and protozoa \[[@CR8]\]. We assume that fish increase the environmental concentrations of *Mycobacterium ulcerans* at a rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _V.$$\end{document}$The model does not include a potential route of direct contact with the bacterium in water.The birth rate of the human population is directly proportional to the size of the human population.The recovery of infected individuals is assumed to occur both spontaneously and through treatment. Research has shown that localized lesions may spontaneously heal but, without treatment, most cases of Buruli ulcer result in physical deformities that often lead to physiological abnormalities and stigmas \[[@CR4]\].

We now describe briefly, the transmission dynamics of Buruli ulcer:
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                \begin{document}$$\mu _E.$$\end{document}$ The possible interrelations between humans, the water bug and fish are represented by the schematic diagram below (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Proposed transmission dynamics of the Buruli ulcer among humans, fish, water bugs and the environment (*U*)

The descriptions of the parameters that describe the flow rates between compartments are given in Table [1](#Tab1){ref-type="table"}.Table 1Description of parameters used in the modelSymbolDescription$\documentclass[12pt]{minimal}
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The dynamics of the ulcer can be described by the following set of nonlinear differential equations:$$\documentclass[12pt]{minimal}
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Basic properties {#Sec4}
----------------

### Feasible region {#Sec5}
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### Positivity of solutions {#Sec6}
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#### **Lemma 1** {#FPar1}
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#### *Proof* {#FPar2}
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Steady states analysis {#Sec7}
----------------------

### The disease free equilibrium {#Sec8}

In this section, we solve for the equilibrium points by setting the right hand side of system ([2](#Equ2){ref-type=""}) to zero. This direct calculation shows that system ([2](#Equ2){ref-type=""}) always has a disease free equilibrium point$$\documentclass[12pt]{minimal}
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#### **Theorem 1** {#FPar3}
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#### *Proof* {#FPar4}
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### The endemic equilibrium {#Sec9}

The endemic equilibrium is much more tedious to obtain. Given that $\documentclass[12pt]{minimal}
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#### **Theorem 2** {#FPar5}
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### Global stability of the endemic equilibrium {#Sec10}

#### **Theorem 3** {#FPar6}
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#### *Proof* {#FPar7}

The global stability of the endemic equilibrium, can be determined by constructing a Lyapunov function $\documentclass[12pt]{minimal}
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Results {#Sec11}
=======

Parameter estimation {#Sec12}
--------------------

The biggest challenge in epidemic modeling is the estimation of parameters in the model validation process. In this section we endeavour to estimate some of the parameter values of system ([2](#Equ2){ref-type=""}). The demographic parameters can be easily estimated from census population data. We begin by estimating the mortality rate $\documentclass[12pt]{minimal}
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In this model we shall assume that we have more water bugs than humans so that $\documentclass[12pt]{minimal}
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Sensitivity analysis {#Sec13}
--------------------

Many of the parameters used in this paper are not determined experimentally. Therefore their accuracy is always in doubt. This can be overcome by observing responses of such parameters and their influence on the model variables through sensitivity and uncertainty analysis. In this subsection we present the sensitivity analysis of the model parameters to ascertain the degree to which the parameters affect the outputs of the model. We use the Partial Correlation Coefficients (PRCCs) analysis to determine the sensitivity of our model to each of the parameters used in the model. Through correlations, the association of the parameters and state variables can be established. In our case, we determine the correlation of our parameters and the state variable *U*. Alongside the PRCCs are the statistical significance test p-values for each of the parameters. If the magnitude of the PRCC value of a parameter is greater than 0.5 or less than −0.5 and the p-value less than 0.05, then the model is sensitive to the parameter. On the other hand, PRCC values close to $\documentclass[12pt]{minimal}
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The results from the PRCC analysis are summarized in Table [3](#Tab3){ref-type="table"}. The significant parameters together with their PRCC values and p-values have been encircled.Table 3Outputs from PRCC analysis

In Fig. [3](#Fig3){ref-type="fig"} the residuals for the ranked Latin Hypercube Sampling parameter values are plotted against the residuals for the ranked density of *Mycobacterium ulcerans*.The PRCC plots for parameters $\documentclass[12pt]{minimal}
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Data and the fitting process {#Sec14}
----------------------------

One of the most important steps in the model building chronology is model validation. We now focus on the data provided by the Ashanti Regional Disease Control Office for Buruli ulcer cases in Ghana per 10,0000 people. The data are given in the Table [4](#Tab4){ref-type="table"} below for the years 2003--2012.Table 4Data on Buruli ulcer cases in GhanaYear2003200420052006200720082009201020112012Buruli ulcer cases739115912011096113613001158142813241292Source \[[@CR13]\]

We fit the model system ([2](#Equ2){ref-type=""}) to the data of Buruli ulcer cases expressed as fractions. We use the least squares curve fit routine (lsqcurvefit) in Matlab with optimisation to estimate the parameter values. Many parameters are known to lie within limits. A few parameters such as the demographic parameters are known \[[@CR13]\] and it is thus important to estimate the others. The process of estimating the parameters aims at finding the best concordance between computed and observed data. One tedious way to do it is by trial and error or by the use of software programs designed to find parameters that give the best fit. Here, the fitting process involves the use of the least squares-curve fitting method. Matlab code is used where unknown parameter values are given a lower and upper bound from which the set of parameter values that produce the best fit are obtained.

Figure [4](#Fig4){ref-type="fig"} shows how system ([2](#Equ2){ref-type=""}) fits to the available data on the incidence of the BU. The incidence solution curve shows a very reasonable fit to the data.Fig. 4Model fit to data. Model system ([2](#Equ2){ref-type=""}) fitted to data of Burili ulcer cases in Ghana. The *circles* indicate the actual data and the *solid line* indicates the model fit to the data. The parameter values used for the fitting; $\documentclass[12pt]{minimal}
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In planning for a long term response to the Buruli ulcer epidemic, it is important to have some reasonable projections to the epidemic. The fitting process allows us to envisage the Buruli ulcer epidemic in future. it is important to note that the projections are reasonably good over a short period of time since the current is evolving gradually based on the available data. We chose to project the epidemic beyond 5 years to 2017. Figure [5](#Fig5){ref-type="fig"} show the projected Buruli ulcer epidemic.Fig. 5Projected model fit. Projection to fit in Fig. [4](#Fig4){ref-type="fig"}

Figures [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"} show the changes in the prevalence of infected humans respectively when $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _e$$\end{document}$ the removal rate of MU from the environment, are varied. Based on the sensitivity analysis, our model is very sensitive to the shedding rate of *Mycobacterium ulcerans* into the environment. Figure [6](#Fig6){ref-type="fig"} shows that an increase in the shedding rate will lead increased human infections. We can actually quantify the related increases. For instance, if $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _f$$\end{document}$ is increased from 0.51 to 0.52 on year 15, the percentage increase in the prevalence of human infections is 6 %. Minimising *Mycobacterium ulcerans*in the environment is an important control measure that is, albeit impractical at the moment. We observe through our results that their decrease in the environment can lead to quantifiable changes in the prevalence of infected humans. Increasing $\documentclass[12pt]{minimal}
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Discussion {#Sec15}
==========

In this paper, a deterministic model on the dynamics of the Buruli ulcer in the presence of a preventive intervention strategy is presented. The model's steady states are determined and their stabilities investigated in terms of the classic threshold $\documentclass[12pt]{minimal}
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The sensitivity analysis of model parameters showed some interesting results. These results suggest that efforts to remove *Mycobacterium ulcerans* and infected fish from the environment will greatly reduce the epidemic although the latter will be impracticable. This is because of the costs involved and the fact that many governments in affected areas operate on lean budgets.

The model is then fitted to data on the Buruli ulcer in Ghana. The model reasonably fits the data. The challenge in the fitting process was that the data appears to indicate that Buruli ulcer has reached a steady state. This then produced some parameter values that appeared unreasonable. Despite these challenges, the fit produced reasonable projections on the future of the ulcer. The model shows that in the near future, the number of cases will not change if everything remains the same. An important consideration that can be added to the model is the inclusion of probable policy shifts and the investigation of different scenarios on the progression of the epidemic as the policies change. Because not much of the disease is understood, parameter estimation was a daunting task. So we had to reasonably estimate some of the parameter using the hypothesis that Buruli ulcer is a vector borne disease. Due to the estimation of essential parameters sensitivity analysis was necessary and very important to determine how these parameters influence the model. The implications of varying some of the important epidemiological parameters such as the shedding rates were investigated. Important results were drawn through Figs. [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}. The main result of this paper is that the management of Buruli ulcer depends mostly on the management of the environment.

Conclusions {#Sec16}
===========

This model can be improved by considering social interventions in the human population, modeled as functions and the inclusion of the different forms of treatment available as some individuals opt for traditional methods while others depend on the government health care system \[[@CR1]\]. Social interventions include education, awareness, poverty reduction and provision of social services. While the mathematical representations of these interventions are insurmountable, they are vital to the dynamics of the disease and public health policy designs. Finally this model can be used to suggest the type of data that should be collected as research on the Buruli ulcer intensifies. The global burden of the disease and its epidemiology are not well understood, \[[@CR28]\]. Clearly, gaps do exist in the nature and type of data available. Reports on the disease are often based on passive presentations of patients at health care facilities. As a result of the difficulties of accessing health care in affected areas, data on the disease is scanty.
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